Testing reliability of the saturated soil hydraulic conductivity, K s , estimated by applying the steady-state singlering (SR) model to the quasi steady-state infiltration rates obtained with a single-ring pressure infiltrometer (PI) increases confidence in the estimated K s values. Determining a means to estimate K s from infiltration data collected with a square infiltrometer allows the use of sources of different shapes. Using numerically simulated infiltration rates for six homogeneous soils ranging in texture from sand to silty clay loam, this investigation suggested an overall good performance of the SR model, with estimated K s values differing by not more than 25% from the true values for the 90% of the 96 considered runs. Larger errors were generally obtained for the silty clay loam soil. Even in this case, however, a small ring radius (0.038 m), a relatively high initial soil water content (initial effective saturation = 0.4) and a relatively high depth of ponding (0.10 m) allowed the obtainment of accurate predictions of K s (error = 13%) with a run of practically sustainable duration (4 h). The SR model was also usable to analyze quasi steady-state infiltration data collected with a square infiltrometer when infiltration was assumed to occur through a circular source having the same area of the square infiltrometer. With this assumption, the estimates of K s differed from the true values by not more than a practically negligible 16%. The results of this investigation should help better interpret K s values obtained with the PI and also improve the experimental methodology, depending on the soil. Moreover, a wider applicability of the infiltrometer techniques, i.e. not limited to a circular source, can be expected. Soil heterogeneity should be taken into account in the future since heterogeneity is common in the field.
Introduction
The saturated soil hydraulic conductivity, K s , is one of the most important soil properties controlling soil hydrologic and erosion processes such as rainfall partition into infiltration and surface runoff. Especially for structured soils, this property should be measured directly in the field to minimize disturbance of the sampled soil volume and to maintain its functional connection with the surrounding soil (Bouma, 1982) . Reliable field data should be collected with a reasonably simple and rapid experiment.
The single-ring pressure infiltrometer (PI) ) is a practically simple device that has frequently been applied in the field in the past 20 years (Vauclin et al., 1994; Ciollaro and Lamaddalena, 1998; Bagarello and Iovino, 1999; Angulo-Jaramillo et al., 2000; Bagarello et al., 2000 Bagarello et al., , 2013a Bagarello et al., , 2014 Reynolds et al., 2000; Bagarello and Sgroi, 2004; Mertens et al., 2002; Gómez et al., 2005; Verbist et al., 2009 Verbist et al., , 2010 Verbist et al., , 2013 . This technique uses a small radius metal ring that is inserted into the soil to a short depth. A constant hydraulic head, H, is established within the infiltration ring and flow rate into the soil is monitored. Flow goes through an initial decreasing phase and then it approaches steadystate conditions (Elrick and Reynolds, 1992b) . Three-dimensional, steady, ponded flow out of the ring is then used to determine K s with an analysis, developed by Reynolds and Elrick (1990) , based on variably saturated flow theory and including the hydrostatic pressure, capillarity and gravity components of flow out of the ring. This analysis employs shape factors that were numerically determined for three soils (sand, loam and clay) and a clay cap/liner. To our knowledge, the steady analysis by Reynolds and Elrick (1990) has not been assessed against simulated PI experiments performed in different soils and involving a transient infiltration phase, as it occurs in real field conditions.
The analysis by Reynolds and Elrick (1990) , as well as other PI analyses (Wu et al., 1999) , applies to a circular source but using sources of different shapes could be advisable in particular circumstances. For example, a square infiltrometer could allow, at least in theory, to sample completely an area of interest whereas, with a circular source, there are zones of the field that cannot be sampled, thus precluding the possibility to uniformly collect data. This is a possible limitation of this device since intensively sampling soil represents an important step toward an improved interpretation and simulation of hydrological processes at the field scale (Gómez et al., 2005; Bagarello et al., 2013b) . Employing a square infiltrometer raises a problem in the calculation of K s since the developed equations include the ring radius that has to be replaced by a suitable alternative quantity if a square source is being used. Gómez et al. (2005) used a square infiltrometer and they determined K s by assuming that the ring radius coincided with the side length of the infiltrometer. However, these authors did not test their assumption.
Numerical simulation of an infiltration process into an initially unsaturated porous medium is a powerful tool to test hypotheses and to check factors affecting the applicability of a particular analytical procedure to estimate soil characteristics (Bagarello et al., 2013a) . For example, numerically simulated data were used by Wu et al. (1993) to explain erratic K s estimates obtained by the borehole permeameter technique in soils with macropores and abrupt layers. Lai and Ren (2007) and Lai et al. (2010) used numerical simulation to improve determination of K s by the double-ring infiltrometer. Dušek et al. (2009) analyzed single-ring numerically generated data to test the dependence of the infiltration rate on several factors, including ring diameter and insertion depth and ponding depth of water on the infiltration surface. Bagarello et al. (2013a) used numerical simulation to test the performances of the two-ponding-depth (TPD) procedure of analysis for PI data collected in heterogeneous soils. Numerically simulated data were used by Reynolds (2013) to assess different borehole infiltration analyses for determining K s in the vadose zone. Therefore, numerical simulation of a single-ring infiltration process appears suitable to test the steady-state analysis developed for the PI.
In this investigation, numerically simulated infiltration data were used with the following objectives: i) to assess the steady-state analysis developed by Reynolds and Elrick (1990) for a single-ring pressure infiltrometer experiment simulated for different soils, and ii) to determine a means to estimate saturated soil hydraulic conductivity from quasi steady-state infiltration data collected with a square infiltrometer.
Theory
The analytical expression for steady, ponded flow out of a ring into rigid, homogeneous, isotropic, uniformly unsaturated soil is :
where
) is the steady-state flow rate, r (L) is the ring radius, K s
) is the saturated soil hydraulic conductivity, H (L) is the ponded head of water on the infiltration surface, ϕ m (
) is the matric flux potential and G is a dimensionless shape factor expressing the interactions between ring radius, depth of ring insertion, d (L), depth of ponding in the ring, soil capillarity and gravity. According to Eq. (1), steady-state flow rate out of the ring is the sum of three components, i.e. flow due to the hydrostatic pressure of the established ponding depth of water on the infiltration surface (first term on the right of the equation), flow due to the capillarity of the unsaturated soil under and adjacent to the ring (second term), and flow due to gravity (third term). With a larger source, the relative contribution of both the hydrostatic pressure and the soil capillarity to total flow decreases whereas that of gravity increases . Eq. (1) was developed under the assumption that ponding does not occur around the outside of the ring during a measurement (Reynolds, 2008; . Values of G for a circular source, four porous media and different combinations of H, d and r were determined numerically by Reynolds and Elrick (1990) . These authors also found that G is nearly independent of soil hydraulic properties and H for H ≥ 0.05 m. Therefore, for practical application of the PI technique, the following relationship, specifically developed for 0.03 m ≤ d ≤ 0.05 m, 0.05 m ≤ r ≤ 0.10 m and 0.05 m ≤ H ≤ 0.25 m, can be used to obtain an estimate of G (G e ) :
For a given insertion depth, G e is a function of the ring radius. According to , however, Eq. (2) is usable for practical purposes within wider ranges of both d (0 b d ≤ 0.10 m) and H (0.05 ≤ H ≤ 1 m) without substantially compromising the reliability of the estimates (Youngs et al., 1993) .
Eq.
(1), with Eq. (2) inserted, can be written as :
where α* (L ) is equal to:
The α* parameter is expressive of the relative importance of gravity and capillarity flow. A large α* suggests low capillarity due to coarse soil texture or extensive soil structure and vice versa. In this investigation, Eq. (3) was indicated as the SR (i.e., single-ring) model for K s calculation.
The ring infiltrometer equation for steady ponded flow can be recast as:
) is the steady infiltration rate and A ( L 2 ) is the area of the infiltration surface. According to Eq. (5), K s depends on steady infiltration and, as a consequence, all shapes (e.g. circles, squares, rectangles, triangles) could be expected to yield the same i s and K s values if they have the same total infiltration surface. However, a necessary passage to apply Eq. (3) with a non-circular source is to assume that the source is circular, so that an equivalent radius can be defined. This assumption needs testing because Eq. (3) was explicitly developed with reference to a circular source but, for a given equivalent radius, the wetted perimeter per unit surface area changes with the shape of the source. Only to make an example, Eq. (3) with r = 10 cm could indifferently be used with a circular source of r = 10 cm, a square source with a side length of 17.72 cm, and a rectangular source of 2.5 × 125.7 cm 2 . All these sources have the same infiltration area (A = 314 cm 2 ) but they differ by the wetted perimeter (circular, 63 cm; square, 71 cm; rectangular, 256 cm).
Materials and methods

Soils and numerical simulations
Numerical simulations were carried out for the six homogeneous soils selected by Hinnell et al. (2009) . Soil hydraulic properties were modeled according to the van Genuchten-Mualem model (Mualem, 1976; van Genuchten, 1980) with hydraulic parameters taken from Carsel and Parrish (1988) (Table 1) :
where Θ is the effective saturation, h (L) is the soil water pressure head, θ ) is the unsaturated soil hydraulic conductivity. These soils were chosen since they were appropriate for studying three-dimensional infiltration processes into an initially unsaturated porous medium from a small-size source according to Hinnell et al. (2009) . Moreover, the selected soils differed widely by their hydraulic properties, allowing the exploration of a wide range of situations, including those where equilibration times of the PI runs are expected to be rather long (Reynolds, 2008) .
A three dimensional flow domain ( Fig. 1 ) was adopted for all simulations by using the HYDRUS-2D/3D software package (Šimůnek et al., 2007) , which is widely employed for simulating water, heat, and/or solute movement in two or three dimensions (Shan and Wang, 2012; Reynolds and Lewis, 2012) . The side length of the square flow domain in the X-Y plane was 140 cm and the depth in the Z direction was 180 cm. The outer border was at least 55 cm away from the infiltrometer (ponding area) even for the largest infiltrometer (side length, l, or ring diameter, 2r = 30 cm). The bottom of the flow domain was also far below the possible wetting zone (Fig. 2) . Therefore, both the lateral and the bottom boundaries had a negligible effect on the infiltration process. To improve the computation efficiency as well as the simulation accuracy, a variable mesh size of finite-element mesh was generated using the MESHGEN subroutine embedded in the HYDRUS-2D/3D software package. In the X-Y plane ( Fig. 1) , mesh size was refined within and around the infiltrometer and a minimum mesh size of 1 cm was adopted. Then the mesh size gradually increased to a maximum of 5 cm for the other part of the flow domain. In the Z direction, the sub-layer thickness was 1 cm (dZ = 1 cm) for the top 20 cm and 2 cm for the subsequent 20 cm in depth. Then the thickness of sub-layers gradually increased to a maximum of approximately 10 cm until the total depth of the flow domain reached 180 cm. For the silty clay loam (SCL) soil, this spatial discretization yielded mass balance errors higher than 1%, that were considered unacceptable for numerical simulations (Celia et al., 1990; Rathfelder and Abriola, 1994; Jacques et al., 2006) . Haverkamp et al. (1977) compared different numerical schemes and considered as "good" or "excellent" mass balance errors in the range from 0.2 to 0.4%. To reduce the mass balance errors in the SCL soil, a finer spatial discretization was used which consisted of a 0.5 cm mesh size within and around the infiltrometer (in the X-Y plane) and 0.5 cm in the thickness of sub-layer (depth in Z direction). For the other soils, an explorative test conducted with this finer spatial discretization did not yield practical differences in simulated cumulative infiltration curves. A similar result was found by Lai et al. (2010) who concluded that the nodal spacing had a negligible impact on the simulation results. Therefore, the results obtained with the coarser mesh discretization were used for the other soils. Table 1 Mualem-van Genuchten soil hydraulic model parameters (Carsel and Parrish, 1988; Hinnell et al., 2009) , and values of the initial soil water pressure head, h i , and the α* parameter. A variable time step was adopted to reduce the computation time while assuring simulation accuracy. The initial, minimum, and maximum time steps were 10, 1, and 60 s, respectively. For the SCL soil, these values were equal to 5, 1, and 60 s, respectively, to improve simulation accuracy.
A circle notch or a square notch was generated and centered on the flow domain to represent the infiltrometer wall (Fig. 1) . The crosssection of the notch was 0.5 cm in width and 3 cm (or 5 cm) in depth, which is equal to the insertion depth of the infiltrometer. The boundary condition on and outside the notch was no-flux, while two successive constant heads were adopted within the infiltrometer to represent a ponding head condition. The first ponding head, H 1 = 0.05 m, was maintained for the first 120 min of simulation whereas the second ponding head, H 2 = 0.10 m, was maintained for the following 120 min. The bottom condition of the flow domain was free drainage.
The absolute water content tolerance was 0.0005 (0.05%), the absolute pressure head tolerance was 0.5 cm, and the maximum number of iterations allowed during any time step was 10. However, for the simulations with the SCL soil, the water content and pressure head tolerances were set at 0.001 (0.1%) and 1 cm, respectively, because the HYDRUS software package couldn't run properly with higher convergence criteria in those cases.
Simulations were carried out for both an initially dry condition, i.e. Θ i = 0.05, and an initially wet condition, i.e. Θ i = 0.4, since these values of Θ i defined the range of initial soil wetness conditions considered by Hinnell et al. (2009) . Another reason was that the lower Θ i value was considered appropriate since the method applies to unsaturated conditions and Θ i = 0.05 was representative of a very dry initial condition. The upper Θ i value was thought to be practically plausible since inserting the ring in relatively wet soil is reasonably easy and the risk to destroy soil structure should be reduced in these soil water conditions (Reynolds, 2008) . Therefore, applying the PI on an initially relatively wet soil could have practical interest. However, a test of the choice of a relatively high initial soil water content, determining high soil water pressure heads at the beginning of the run for some soils (Table 1) , was carried out since the analysis by Reynolds and Elrick (1990) was developed for conditions giving near-maximum soil capillarity. In other terms, it was thought that, for a given soil, Θ i = 0.4 was a plausible initial condition if the α* values corresponding to Θ i = 0.05 and Θ i = 0.4 were similar (near-maximum capillarity even in relatively wet initial conditions). A theoretical value of α* was obtained, for given soil and Θ i , by using Eq. (4) with the soil-specific K s value (Table 1) and integrating Eq. (6b) to calculate ϕ m . Note also that when the K(h) function has K s as a multiplier, as in Eq. (6b), α* is independent of the K s value (Reynolds, 2011) . For an initial pressure head, h i , the pressure head range from h = h i to h = 0 was subdivided by considering the following steps: 0.001 m for 0 ≤ |h| ≤ 150 m; 0.01 m for 150 b |h| ≤ 1500 m; 0.1 m for 1500 b |h| ≤ 15,000 m; 1 m for |h| N 15,000 m. For each Δ|h| value, the area under the hydraulic conductivity curve was calculated by the trapezium rule. The calculations of α* (Table 1) showed a small and practically negligible sensitivity of this parameter to the initial saturation degree since it increased by no more than 0.9% with the increase of Θ i . Therefore, the α* calculations of Table 1 ). Changing Θ i did not affect, in practice, soil capillarity since α* was nearly constant but it had a detectable effect on the initial pressure head (Table 1) . Time to steady-state is known to be longer in dry soil conditions (Reynolds, 2008) . Therefore, the possible effect of the initial soil water conditions on the steady-state flow rate estimated with a constant duration infiltration run was taken into account in this investigation.
The range of α* values considered in this study (11.65 m
) fell entirely within the range used in the original development of the ring infiltrometer analysis (1 m − 1 ≤ α* ≤ 36 m −1 ) . The difference between the two highest α* values was due to the fact that the sandy soil by Reynolds and Elrick (1990) ). Values of α* close to 12 m −1 are typical of most field soils (Elrick and Reynolds, 1992a) and lower α* values (e.g., 1-4 m − 1 ) correspond to soils with particularly long equilibration times (i.e., many hours or even days; Elrick et al., 1990 ). This last condition was not considered in this investigation because K s measurement techniques needing attainment of steady-state conditions have a limited practical interest when the expected duration of the infiltration run is very long. The numerical simulation of a PI run was carried out according to Bagarello et al. (2013a) . In particular, a run of the TPD type was simulated since this is a common procedure to apply the PI in the field and Eq. (3) is usable to obtain K s for each H level when two or more depths of ponding are sequentially applied on the infiltration surface . Another reason was that the duration of the transient phase is expected to increase with the depth of water ponding (Reynolds, 2008) . Therefore, the TPD run was expected to be a means to reduce in practice ponding depth effects on equilibration times. The initial condition of flow domains was in the form of a uniformly distributed pressure head. For each individual run, Q s1 and Q s2 , i.e. the steady-state flow rates corresponding to H 1 and H 2 , respectively, were estimated by considering the last 10 min of the process with a given H. In particular, Q s1 was calculated by linear regression analysis of the simulated flow rates vs. time for the time interval from 111 min to 120 min. For Q s2 , flow rates from 231 min to 240 min were considered.
A circular source and three equivalent square sources were considered for the simulations. In particular, for a given ring radius, equivalence with the square infiltrometer was established in terms of i) wetted perimeter (WP scenario); ii) infiltration surface area (IS scenario); and iii) wetted perimeter per unit infiltration surface area (WPIS scenario). The IS scenario was considered since Eq. (5) suggested that a given total area should yield the same i s and K s values regardless of the shape of the source. The WP and WPIS scenarios were considered because, for a given area of the infiltration surface, the wetted perimeter may change also appreciably with the shape of the source. Therefore, what happens with a constant perimeter (both in absolute and in relative, i.e. referred to the infiltration surface, terms) of the ponded area was also tested. Three ring radii, i.e. 0.038, 0.075 and 0.15 m, and a depth of ring insertion of 0.03 m were considered (Table 2 ). For the smallest ring, a ring insertion depth of 0.05 m was also considered. Therefore, four different datasets (Table 2 ) and a total of 384 estimates of Q s were used in this investigation (6 soils × 2 values of the initial soil water content × 4 ring radius/insertion depth combinations × 4 infiltration sources × 2 depths of ponding).
Data analysis
An assessment of the SR model was carried out by calculating K s with Eqs. (2) and (3) and the "true" α* value (Table 1) for each soil/Θ i /r/d/H combination, following an approach recently applied by Reynolds (2013) for the borehole permeameter. This estimate of K s , denoted by the symbol K sRE , was then compared with the theoretical K s value. The estimates were deemed accurate only when they fell within the range:
Such a stringent accuracy criterion (i.e., ≤ 25% error) was used because the input data were free of the perturbations embedded in field and laboratory measurements (Reynolds, 2013) . However, in the evaluation of the results it was also considered that the same author suggested in the past that an error in K s that does not exceed a factor of three can denote a sufficient level of accuracy for many practical applications (Elrick and Reynolds, 1992a; .
Running a transient flow numerical model for a given time and assuming achievement of steady-state conditions at the end of the run was not a means to test the steady flow ring infiltrometer analysis by Reynolds and Elrick (1990) since this analysis was developed using a steady flow numerical model and only the shape factor was evaluated by numerically simulating transient and steady-state saturated-unsaturated flow from a ponded ring. However, a threedimensional infiltration process into an initially unsaturated porous medium is established in the field with the PI, which implies that a transient phase with decreasing infiltration rates and some inaccuracy in the measurement of Q s are typical of any field run. Actually, the infiltration rate is initially large and it decreases with time to approach near steady-state conditions (Elrick and Reynolds, 1992b) . Three-dimensional ponded infiltration may achieve true steadystate more slowly than one-dimensional ponded infiltration ) and a reasonable estimate of steady flow, or quasi steady flow, is considered acceptable in natural environments ). The i s values for a given ring (i sR ) were then compared with the corresponding i s data obtained by square infiltrometers equivalent to the ring infiltrometer in terms of wetted perimeter (i sWP ), infiltration surface area (i sIS ) and wetted perimeter per unit infiltration surface area (i sWPIS ). For each dataset (Table 2) , the linear regression line between two estimates of i s was determined and the confidence intervals for the intercept and the slope were calculated.
Results and discussion
The mass balance error did not exceed 0.6% for all simulations (Table 3) . Therefore simulations were acceptable on the basis of existing evaluation criteria (Celia et al., 1990; Rathfelder and Abriola, 1994; Jacques et al., 2006) .
According to the accuracy K s criterion, i.e. Eq. (7), the SR model yielded accurate predictions of K s for the sand (S), loamy sand (LS), sandy loam (SAL) and loam (L) soils (Table 3 ) and also, in practice, for the silt loam (SIL) soil since, for this soil, the error criterion was missed in a single case (r = 0.15 m; d = 0.03 m; Θ i = 0.05; H = 0.05 m) and only by less than one percentage unity (K sRE /K s = 1.256). Generally, prediction of K s was not accurate for the SCL soil since the K sRE /K s ratio fell outside the accuracy range in 10 out of the 16 considered cases. However, the predictions were accurate enough for this soil according to the less stringent accuracy criterion by Elrick and Reynolds (1992a) .
The fact that the K s prediction accuracy was relatively poor for the SCL soil was probably due to an overestimation of steady-state flow rate since the duration of the infiltration runs was not long enough to approach steady-state conditions. To support this interpretation, it was initially considered that much longer infiltration times can be found in the literature for numerically simulated experiments. For example, Zhang et al. (1999) considered a simulation period of four days in an investigation on the concentric disk tension infiltrometer to improve detection of flow steadiness. This choice was not made in this investigation to maintain a correspondence in terms of duration between a simulated infiltration process and a field experiment, and considering that a two-hour simulation period generally allowed the detection of at least near steady-state conditions in the numerical study by Dušek et al. (2009) . Equilibration times are known to increase with finer soil texture (Reynolds, 2008) and the inaccuracies were associated with the finest soil among the tested ones. In addition, time to steady-state is longer in drier soil conditions (Reynolds, 2008) . With the first ponded depth of water, overestimation of K s for the SCL soil was more noticeable in initially dry conditions (1.36 ≤ K sRE /K s ≤ 2.02, mean = 1.58) than for initially wet conditions (1.15 ≤ K sRE /K s ≤ 1.75, mean = 1.36). To further test the Q s overestimation hypothesis, K sRE was also calculated for the SCL soil by using the steady-state flow rates determined by considering the last 10 min of a longer simulated infiltration process for a given H (180 min instead of 120 min). These calculations were carried out for all ring radii and both insertion depths for the smallest ring, yielding 16 estimates of K s . The mean and the median of the K sRE /K s ratios were equal to 1.38 and 1.36, respectively, with the shorter runs and to 1.22 and 1.21 with the longer runs. This test, showing a closer agreement between K sRE and K s for the longer runs, also suggested that overestimation of K s was due to an overestimation of Q s .
For d = 0.03 m, the mean and the median of all K sRE /K s values (sample size = 24 for a given radius) increased monotonically with r from 1.03 to 1.21 and from 1.01 to 1.11, respectively. According to this result, the performances of the SR model worsened as the ring radius increased but, on average, they remained satisfactory even with the largest source. A hypothesis needing testing is that prediction accuracy was lowest for r = 0.15 m because Eq. (2) was developed for ring radii not larger than 0.10 m.
Therefore, applying the SR model by Reynolds and Elrick (1990) to a simulated PI experiment of reasonable duration generally allowed the obtainment of accurate predictions of K s . These predictions can be less accurate in fine soils, probably because the risk to overestimate Q s is high in this case rather than for an inadequacy of the model. If only the order of magnitude of K s has to be determined, the SR model can also be applied in fine-textured and initially dry soils to analyze a relatively short experiment (i.e., not more than a few hours) carried out with rings of different radii (0.038-0.15 m) and ponding depths of water of 0.05-0.10 m.
For an insertion depth of 0.03 m, the developed dataset allowed the finding of the r/Θ i /H combination yielding the smallest prediction error of K s for a given soil. This analysis was considered of practical interest because i) a ring insertion depth of 0.03 m should determine a minimal disturbance of the soil and ii) ring radius, ponded depth of water and, to a certain extent, soil water content at the time of the infiltration run can be controlled by the operator. As shown in Table 3 , the lowest absolute percentage difference between the estimated and the true value of K s was obtained with the smallest ring (r = 0.038 m) among the three tested sources for all soils, but the optimal values of Θ i and H (i.e., the values of these two parameters yielding the lowest percentage difference) differed with the soil. In particular, a dry soil should be sampled with a small ponded depth of water in the coarsest soils and with a high depth of water in intermediate soils. A fine-textured soil has to be relatively wet at the beginning of the run and a high depth of water has to be established on the infiltration surface. According to these results, adjustments in the relative importance of hydrostatic pressure, capillarity and gravity components of flow out of the ring are a tool to improve the accuracy of the K s estimates. Gravity flow contribution to total flow is known to increase with r . Therefore, this contribution should be kept small to improve the quality of the K s prediction by using an infiltrometer of small radius. An increase of H determines a more noticeable contribution of pressure flow and a reduced contribution of both capillary flow and gravity flow. Therefore, the contribution of pressure flow should increase in the passage from coarse-to fine-textured soils. Finally, wetter soil conditions generally determine less capillary flow, although the point at which increasing soil wetness starts to reduce soil capillarity depends on the shape of the K(h) function. Therefore, capillary flow should be reduced in finetextured soils. A proper choice of the time of the run, determining the initial soil water content, the ring radius and the steady depth of ponding allows the obtainment of accurate predictions of K s (error b 25%) even in fine-textured soils with a simulated infiltration run having a duration that can easily be established in the field.
Table 3
Summary of the i) mass balance errors (MBEs) for the simulated infiltration runs, and ii) ratios between the saturated soil hydraulic conductivity calculated with the model by Reynolds and Elrick (1990) , K sRE , and the theoretical saturated soil hydraulic conductivity, K s , for the considered soils (N = 16 for a given soil; 4 r/d combinations × 2 H levels × 2 Θ i values), and r/Θ i /H combination yielding the lowest prediction error of K s for a ring insertion depth of 0.03 m. The soil water distribution map for a ring infiltrometer was fairly different from that for a square infiltrometer in the initial stage of infiltration (Fig. 2) . However, the differences gradually decreased as the infiltration proceeded and they became inappreciable for infiltration runs longer than 120 min. Similarly, the wall influence of the square infiltrometer on the soil water distribution was noticeable in the top 5 cm of soil, but it hardly extended to a depth of more than 10 cm (Fig. 3) .
The linear regression analysis between the steady-state infiltration rates estimated with a square and a single-ring pressure infiltrometer for different forms of equivalence between the two sources showed a statistically significant difference between i sWP and i sR for all r and d combinations (Table 4) . Therefore, a square and a ring infiltrometer having the same wetted perimeter yielded different estimates of the steady-state infiltration rates. A statistically significant difference between corresponding estimates of i s was also detected when the equivalence was defined in terms of wetted perimeter per unit surface area, although only with reference to the dataset corresponding to a ring radius of 0.075 m. Therefore, i sWPIS did not coincide with i sR for all datasets and the conclusion was that a square and a ring infiltrometer having the same wetted perimeter per unit surface area did not yield in general similar estimates of the steady-state infiltration rates. For all datasets, a statistical coincidence between i sIS and i sR was recognized (Fig. 4) according to the 95% (three datasets) or the 99% (all datasets) confidence intervals for the intercept and the slope (Table 4) . Therefore, this analysis suggested that the shape of the infiltration surface did not influence significantly steady infiltration rates. An implication of this result is that saturated soil hydraulic conductivity can be determined by using the steady-state infiltration data collected by a square infiltrometer and the relationships by Reynolds and Elrick (1990) , because it is possible to assume that infiltration occurs through a circular area having the same size of the area sampled by the square infiltrometer. In other terms, the equivalent radius, r eq (L), that replaces r in the SR model when steady-state flow rates are obtained from a square source is:
where l (L) is the side length of the square infiltrometer. With this assumption, the values of K s calculated with i sIS , Eqs. (2) and (3) Fig. 4 . Comparison between estimated steady-state infiltration rates with a ring and a square infiltrometer having the same infiltration area (IS scenario; r = ring radius; l = side length; d = depth of insertion, all in mm).
Table 4
Results of the linear regression analysis between the steady-state infiltration rates obtained with a square and a single-ring pressure infiltrometer for different forms of equivalence between the two sources. r = ring radius; d = ring or square infiltrometer insertion depth; L = side length of the square infiltrometer; b 0 and b 1 = intercept and slope, respectively, of the linear regression line between the estimated steady-state infiltration rates for the square infiltrometer and the corresponding estimates for the ring infiltrometer; R 2 = coefficient of determination; WP = wetted perimeter; IS = infiltration surface area; WPIS = wetted perimeter per unit area of the infiltration surface. Fig. 3 . Soil water distribution map at different depths for the square infiltrometer with side length l = 30 cm (loam soil, high initial water content) at infiltration time t = 120 min. differences = 2.2% and 0.8%, respectively, Fig. 5 ), confirming the strong similarity between the estimates of K s obtained by a ring and a square infiltrometer sampling an infiltration surface of the same size.
Conclusions
For sand to silt loam soils, the steady-state analysis developed by Reynolds and Elrick (1990) for a single-ring pressure infiltrometer (PI) is expected to yield accurate estimates of saturated soil hydraulic conductivity, K s (i.e., error ≤ 25%), when it is applied to a numerically simulated infiltration experiment with durations (2-4 h), ring radii (0.038 ≤ r ≤ 0.15 m), ponding depths of water (H = 0.05-0.10 m) and initial saturation degrees (Θ i = 0.05-0.4) that are common for a field application of the PI.
In the fine-textured silty clay loam soil, K s was generally overestimated. This overestimation was not substantial according to some accuracy criteria (i.e., it did not exceed a factor of nearly two) and it occurred because the experiment was too short to approach steady-state conditions. In this case too, however, an accurate estimate of K s can be obtained with a proper experimental methodology for the considered duration of the experiment, i.e. by maximizing the hydrostatic pressure component of flow compared with the gravity and capillarity components. In practice, a small ring and relatively high initial soil water content and H level are recommended.
The analysis by Reynolds and Elrick (1990) is also usable to analyze steady-state infiltration data collected with a square infiltrometer. In this case, however, an equivalent radius has to be used in the calculations.
In this investigation, homogeneous soil conditions were considered but numerical simulation can also be performed taking into account K s heterogeneity. Therefore, the effect of soil heterogeneity on both the steady-state analysis of a single-ring infiltration process and the infiltrometer data obtained with sources of different geometric shape will be tested in the future, taking into account that heterogeneity is a common occurrence in the field. 
